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Abstract 



Context. The formation and early evolution of high- and intermediate-mass stars towards the main sequence involves the interplay of 
stars in a clustered and highly complex environment. To obtain a full census of this interaction, the Formation and Early evolution of 
Massive Stars (FEMS) collaboration studies a well-selected sample of 10 high-mass star-forming regions. 

Aims. In this study we examine the stellar content of the high-mass star-forming region centered on IRAS 06084-0611 in the 
Monoceros R2 cloud. 

Methods. Using the near-infrared H- and A"-band spectra from the VLT/SINFONI instrument on the ESO Very Large Telescope 
(VLT)and photometric near-infrared NTT/SOFI, 2MASS and Spitzer/IRAC data, we were able to determine the spectral types for the 
most luminous stars in the cluster. 

Results. Two very young and reddened massive stars have been detected by SINFONI: a massive Young Stellar Object (YSO) con- 
sistent with an early-B spectral type and a Herbig Be star. Furthermore, stars of spectral type G and K are detected while still in the 
Pre-Main Sequence (PMS) phase. We derive additional properties such as temperatures, extinctions, radii and masses. We present a 
Hertzsprung-Russell diagram and find most objects having intermediate masses between ~ 1.5-2. 5 M G . For these stars we derive a 
median cluster age of ~4 Myr. 

Conclusions. Using SpitzerflRAC data we confirm earlier studies that the younger class 0/1 objects are centrally located while the 
class II objects are spread out over a larger area, with rough scale size radii of ~0.5 pc and ~ 1 .25 pc respectively. Moreover, the 
presence of a massive YSO, an ultracompact H n region and highly reddened objects in the center of the cluster suggest a much 
younger age of < 1 Myr. A possible scenario for this observation would be sequential star formation along the line of sight; from a 
cluster of intermediate-mass to high-mass stars. 

Key words. Infrared: stars - Stars: early-type - Stars: formation - Stars: pre-main sequence - Circumstellar disks 



1. Introduction 

The formation of stars and planets is a result of complex in- 
tertwined behavior of gas and dust, strongly depending on the 
initial conditions. The presence of high-mass stars is believed 
to play a major role in the process of star formation in clusters 
dZinnecker & Yorkdl2007l) . Since high-mass stars preferentially 
form in clusters, they inevitably exert influence on the cluster 
surroundings. Massive stars can clear out their direct surround- 
ings through their strong winds and ionizing fluxes more rapidly 
than less massive stars. The energy they release in the interstel- 
lar medium powers H n regions and bubbles and is thought to 
trigger second-generation star formation events. 

Several mechanisms have been proposed to explain 
triggered star formation . The collect and collapse model 
dElmegreen & Ladalll977l) involves the propagation of ioniza- 
tion and shock fronts through a molecular cloud complex. 



* Based on observations collected at the European Southern 
Observatory at Paranal, Chile (ESO program 078.C-0780) 



Between these fronts a dense shell of material is trapped and 
when grown large enough, global shell fragmentation occurs 
and new stars are formed. Alternatively, triggered star formation 
can occur in pre-existing clumps. Through dynamical processes 
such as the expansion of an H n region in a non-homogeneous 
neutral medium, high pressure accumulates the dense material 
into layers, shells or rings whic h then gravit ation ally collapse 
(|Elmegreenlll998l) . We refer to lLadal (12010I) and lAndre et al.l 
(l2009l) and references therein for reviews of triggered star for- 
mation scenarios. 

Infrared (IR), sub-millimeter and radio imaging has allowed 
these earliest stages of protostellar evolution to become acces- 
sible to observers. Observational studies have started to map 
the interaction of high-mass stars and previ ously hidden stel- 
lar content in those star-forming regions dBlum et aD l2000l 
iBikl 12001; lAlvarez et al.l 120041: IChurchwell et al l 12006^ Much 
less ambiguous identification and classification of the stellar 
content has been demonstrated by the diagnostic power of 
near-infrared (NIR) spectroscopy (panson et al.ll2002 ; iBik et al.l 



l2005HPuga et^l2010l:lMartins et al.ll2010HBik et aLlboiOh . 
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Figure 1: Spitzer/IRAC three-color image of IRAS 06084-0611 and its surroundings (blue: 3.6 fim, green: 4.5 fim, red: 5.8 /urn). 
The dense cluster region delimited by the white box is the area covered by the SINFONI observations. The rig ht upper inlay figure 
is a close-up of the SINFONI region. The positions of the VLA radio sources and their respective ID numbers (G omez et al.ll2002l) 
are marked with plus signs. Note that VLA 1 represents an H n region and is also visible in the IRAC bands. The field of view is 
equal to Figure 



This paper is the third in a program to obtain a full NIR spec- 
troscopic census of the stellar content of a sample of high-mass 
star-forming regions by means of integ ral field spectrosc opy us- 
ing VLT/SINFONI. The first paper bv lBik et all (1201 Ol) studies 
the star formation process in the high-mass star-forming region 
RCW 34. A spatial distinction between class II sources inside 
a 'bubble region' on one hand, and the H n region, the mas- 
sive stars and the class 0/1 sources in the molecular cloud on 
the northern edge of the bubble on the other hand, suggest that 
sequential sta r formation is at wo rk from south to north. The sec- 
ond paper by I Wang et al.l (1201 ll) examines star formation in the 
S255 complex: three regions of massive star formation at differ- 
ent evolutionary stages that reside in the same natal molecular 
cloud. It was found that the age difference between the older 
low-mass cluster and the young ma ssive cores indicat es differ- 
ent stellar populations in the cluster. I Wang et all (1201 ll) propose 
the triggered outside-in collapse star formation scenario for this 
region. 

These earlier papers show that the interaction between the 
young massive stars and the surrounding molecular cloud could 
not only lead to the destruction of the cloud, but also to the for- 
mation of a younger generation of stars. Multiple generations 
of newly formed stars are identified and star formation scenar- 
ios have been proposed in which clusters of stars could have 
triggered the collapse of a pre-existing dense core in the molec- 
ular clouds. It seems that the interaction between stars and the 
surrounding molecular cloud could lead to the formation of a 
younger generation including massive stars. In a similar way, 



this paper studies the interplay between the cluster environment 
of IRAS 06084-061 1 and the embedded young stars within it. 

The star-forming region IRAS 06084-061 1, often referred to 
as GGD 12-15, is deeply embedded in the Monoceros molecu - 
lar cloud at a distance of 830 + 50 pc dHerbst & Racindll976h . 
Figure Q] gives an overview of the cluster surroundings in the 
first three IRAC bands. We can distinguish the Spitzer image in 
roughly three regions: eastward we observe the signature of a 
bow shock; gas flowing out of the central star colliding with the 
ISM. In the south we observe an extended emission region show- 
ing (very) weak filamentary structures. But the main focus of this 
paper is the dense cluster region covered by SINFONI, delimited 
by the white box. In that region, active signs of star-formation 
have been observed from infrared to radio wavelengths: an H n 
region, a Herbig Be star, a massive YSO, extended CO-bipolar 
outflows, an FLO maser and about a dozen potential T Tauri ob- 
jects. 

Radio observations: R adio continuum observatio ns at 3.6 
and 6 cm were obtained bv lGomez et al.l (l2000i 12002) using the 
Very Large Array (VLA). Around the bright cometary H n re- 
gion VLA 1, nine extremely compa ct (<0.3") and faint radio 
sources have been found (Figure Q}. iGomez et al.l (120021) esti- 
mate that VLA 1 is excited by a B0.5 ZAMS star with a lumi- 
nosity of ~ 1.0 x 10 4 L B . The derived spectral index for VLA 7 
(+0.6 + 0.3) fits the stellar wind model better than other possi- 
bilities, supporting the idea that VLA 7 is the powering source 
of the molecular CO outflow which extends ~6' from SE to NW 
dOin et alj|20"08h . The remaining radiosources show variability 
at radio wavelengths, and their spectral indices are characteristi- 
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cally negative. It has been suggested that their emission mecha- 
nism could be explained by gyro-synchrotron radiation from the 
active magnetospheres of T Tauri stars. 

IR observations : Several infrared studies covering a range 
from 1 to 120 urn dBikl 120041: iBik et "all l2005t iBik et alJ 1 2006 : 



Reipurth & WamslekeH 119831: lOlofsson & Koornneefl Il985 



Harvey et al. I I 1 9851: iHodapdl 1994 have revealed about a dozen 
objects. It has been suggested that most of these objects are PMS 
clust er members. Mid-inf rared observations at 8.7, 9.7 and 12.5 
pm dPersi & Tapial 120031) revealed two objects: one identified 
with the compact cometary H n region VLA 1 (iGomez et al.l 
12001 and the second with the faint and unresolved radio con- 
tinuum source VLA 4. The latter has been identified as a Herbig 
Be star since the IR counterpart shows large IR excess and its 
derived IR luminosity is Li_20/«n = 350 L Q , indicating the pres- 
ence of a young massive star. The spectrum of VLA 4 between 
2.47 and 11.62 pm shows the presence of IR emission bands 
at 3.3, 6.2, 7.7, 8.6 and 11.2 /mi also known as Polycyclic 
Aromatic Hydrocar bon (PAH) features dPersi & Tapial l2003t 
iBoersma et al1l2009h . 

Molecular line observations: Th e most recent stu dy of the 
CO outflow has been carried out by lOin et al in which 

CO J = 3-2 and J = 2-1 fines are mapped. VLA7 is located cen- 
trally on the axis of the outflow and is a likely candidate to be the 
powering source. Moreover, the origin and p osition of the cen- 
tral source powering the outflow is studied by ISato et aD (120081) 
using NIR imaging polarimetry and they confirm that the cen- 
tral object indeed seems to co incide with V LA 7. High density 
HCO + gas dHeaton et al J 1 988l). a ILO m aser dTofani et all 19951) 
and a NH3 region ( Torrelles et al.llT989b have been observed in 
the center of the outflow. There are two maxima in the ammonia 
region suggesting that the structure could represent a molecular 
toroid which helps to collimate the outflow. 

The objective of this paper is to probe the star formation 
history of the cluster. In the next section, the spectroscopic 
VLT/SINFONI and supporting photometric NTT/SOFI, 2MASS 
and Spitzer/IRAC observations are presented. The analysis is di- 
vided in three parts. First, the photometric colors are presented 
and an overview is given of the cluster surrounding. Second, us- 
ing the H- and /f-band spectra, we present spectral classifications 
of the high- and intermediate-mass stellar population and deter- 
mine their properties (e.g. extinction, age, mass). And third, the 
objects are placed in a Hertzsprung Russell diagram and the clus- 
ter age is estimated. Finally, we provide an interpretation of the 
formation history of IRAS 06084-06 1 1 . The last section summa- 
rizes the main conclusions of the paper. 



2. Observations and data reduction 

2.1. Spectroscopy: VLT/SINFONI H- and K-band 
observations 

Spectroscopic near-infrared H- and /if -band observations 
were taken using the I n tegral Field spectrog raph SINFONI 
(lEisenhauer et al.l I20031 iBonnet et ail 12004 on the Unit 
Telescope 4 (YEPUN) of the ESO Very Large Telescope at 
Paranal, Chile (see Figure [2a] for the continuum image of the 
region). The observations were performed in service mode on 
January 30 and February 4, 2007. The observations were per- 
formed using the non-AO mode providing a 8" x 8" field of 
view. The spectrograph was operated using the H+K grating 
providing a spectral resolving power of R=1500 in the H- and 
K-bwd in a single exposure. The observations are centered on 
RA= 06''10 m 50.14\ Dec = -06° 11' 36.82" (J2000) and cover a 
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Figure 2: VLT/SINFONI observation of IRAS 06084-06 1 1 . Top: 
Sinfoni 2.16 pm line-map with the object identification numbers 
sorted by SOFI /T -band brightness. The positions of evolutionary 
class dLadal [T987l) 0/1 (red asterisks), class I I (blue squares) ob- 
jects and VLA radio detections (green stars, IGomez et al. 1 I2002L 
see Figure [T]for all their respective ID numbers) are marked. We 
do not detect the NIR counterpart of VLA 1 in the SINFONI 
data. Bottom: Three-color image created from the SINFONI line 
maps with green: H2 (2.12 pm, shocked gas), blue: [Fe n] (1.644 
pm, shocked outflows) and red: Br-y (2.16 pm, ionized gas). 
Green H2 and blue [Fe 11] spots are clearly visible, suggesting 
the presence of outflows and jets, respectively, and thereby trac- 
ing active star formation. (Epoch: J2000) 



total area of 74" x 74". To cover the entire cluster we applied a 
mapping pattern with 4" offsets in RA and 6.75" offsets in Dec 
to cover every position in the cluster at least twice with a detec- 
tor integration time (DIT) of 30 seconds to guarantee a good S/N 
(~ 70) for the early type stars in the cluster. The average seeing 
during the observations was ~ 0.8". Furthermore, every 3 min- 



3 



K. M. Maaskant et al.: Sequential star formation in IRAS 06084-061 1 (GGD 12-15) 



10 



12 



14 



1 6 



- - „Av= 1 



'GO 
K0 



* 5 * 3 * 

lio ^ 8 



* 1 

Av=25~ - -£ w=50 _ 
2 




1 2 3 

J-K [mag] 

(a) 



2.0 



1 .5 



m 1 .0 
l 



0.5 



0.0 



i 1 1 1 1 i 




ft 



0.0 0.5 1.0 1.5 2.0 2.5 
4.5 - 5.8 [mag] 

(a) 



| 2 



I 



- 



FO 
AO 
BO 



XAv = 25 

•4 9 



X'Av = 20 
1/ -5 



26 ^ 
X Av= 1 



KO 

00 / XAv=5 




o> 1.0 - 



I 



0.5 



0.0 



-0.5 0.0 0.5 1.0 1.5 2.0 
H-K [mag] 

(b) 

Figure 3: Top: the SOFI (J-K, K) diagram. Bottom: the 2MASS 
(H-K, J-H) diagram. Both figures only show the detections in 
the SINFONI field. Th e visual extinction Ay is calculated us- 
ing the extinction law o f|Ch iar & Tielens (20061) . The isochrones 
of ma in sequence dwarf stars (Bl um et al ]|2000HBessell & Brett! 



119881) are plotte d with an adopted distan ce for IRAS 06084-06 1 1 
of 830 + 50 pc dHerbst & Racinelll976T) . Note that narrow-band 
filters were used with SOFI observations. 



0.0 0.5 1.0 1.5 2.0 

5.8 - 8.0 [mag] 

(b) 

Figure 4: Top: SpitzerflRAC (3.6 - 4.5, 4.5 - 5.8) /mi diagram 
of objects in the SINFONI field centered on IRAS 06084-061 1. 
Photospheric colors from main-sequence stars are usually lo- 
cated around (0, 0). The exti nction vector ha s been calculated 
using the extinction law of |Ch iar & Tielensl Bottom: 
Spitze r ( 3.6 - 4.5, 5.8 - 8.0) urn diagram. We used IXllen et al.l 
l2004l and lMegeath et al.ll2004l to specify the location of class 0/1, 
class I/II and class II sources (dotted lines). 



utes, a sky frame was taken using the same DIT as the science 
observations. The sky positions were chosen based on existing 
NIR imaging in order to avoid contamination. Immediately af- 
ter every science observation, a telluric standard of B spectral 
type was observed, matching as closely as possible the airmass 
of the object. This star was used for the removal of the telluric 
absorption lines as well as for flux calibration. 

The data reduction was performed using the S PREP soft- 
ware package version 1.37 (ISchreiber et al.ll2~004t lAbuter et alJ 
The data reduction consists of correcting for dark, flat- 
field and distortion as wel l as reconstructing the final 3D data 
cubes (see lBik et alJl2010l for a detailed description). The final 



reduced SINFONI data of IRAS 06084-061 1 consist of 3D data 
cubes with two spatial (x-y) dimensions and a third dimension 
encompassing the H- and A'-band (1.4 - 2.45 fi) spectra for each 
individual pixel. The VLT/SINFONI line + continuum image is 
shown on Figure [2bl 

2.2. Photometry: Spitzer//HAC, 2MASS and NTT/SOFI 
observations 

Complementary b asic calibration archival SpitzerflRAC data 
dFazio et alJ l2004t) are used to study the region as well as its 
surroundings at longer wavelengths. The IRAC data covering 
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Table 1 : Photometric properties of objects located in the SINFONI field of view. 





NTT/SOFI 




2MASS 






Spitz 


?r/IRAC 




Object 


J 


K 


J 


H 


K 


band 1 


band 2 


band 3 


band 4 


# 


[1.25 fim] 


[2.16 /.im] 


[1.25 fim] 


[1.65 fim] 


[2. 16 fim] 


[3.6 fim] 


[4.5 f.im] 


[5.8 ^m] 


[8.0 fim] 


VLA1 












9.95± 0.05 


8.67± 0.05 


5.91 ±0.10 


4.49 ± 0.10 


1 


14.02 ± 0.08 


9.33 ±0.01 


13.61 ± 0.06 


11.11 ± 0.04 


9.33 ± 0.02 


7.56 ± 0.00 


6.80 ± 0.00 


6.26 ± 0.00 


5.52 ± 0.01 


2 


15.06 ±0.13 


10.83 ± 0.03 








8.05 ± 0.01 


7.61 ± 0.02 


4.94 ± 0.01 


3.81 ± 0.02 


3 


13.73 ± 0.07 


10.97 ± 0.03 


13.60 ± 0.03 


11. 96 ± 0.03 


10.99 ± 0.02 


9.63 ± 0.02 


8.79 ± 0.02 


8.04 ± 0.06 


7.12 ± 0.08 


4 




10.98 ± 0.03 




13.19 ± 0.05 


10.73 ± 0.05 


8.61 ± 0.00 


7.74 ± 0.00 


7.09 ± 0.01 


6.59 ± 0.02 


5 


12.79 ±0.05 


11.01 ±0.03 


12.67 ± 0.04 






9.75 ± 0.04 


9.56 ± 0.08 






6 


15.10 ±0.14 


11.69 ±0.04 


14.76 ± 0.05 




1 1.61 ± 0.05 


9.48 ± 0.04 








7 


14.34 ±0.10 


11.99 ±0.05 


14.30 ± 0.04 


12.78 ± 0.04 


12.12 ± 0.04 


1 1.85 ± 0.06 


1 1.89 ± 0.12 






8 


15.55 ±0.17 


12.11 ±0.05 






12.17 ± 0.04 


10.18 ± 0.01 








9 


15.57 ±0.17 


12.12 ±0.05 


15.39 ± 0.04 


13.26 ± 0.04 


12.10 ± 0.02 


10.72 ± 0.01 


10.08 ± 0.01 


9.50 ± 0.03 


8.60 ± 0.03 


10 


14.59 ±0.11 


12.25 ± 0.05 






12.41 ± 0.06 


1 1.38 ± 0.04 








1 1 




12.26 ± 0.05 




14.27 ± 0.15 


1 1.87 ± 0.06 


9.69 ± 0.03 


8.78 ± 0.04 


7.07 ± 0.06 




12 




12.40 ±0.06 




13.99 ± 0.11 


12.17 ± 0.05 


10.28 ± 0.01 


9.49 ± 0.01 


8.55 ± 0.02 




13 


14.84 ±0.12 


12.46 ±0.06 


14.86 ± 0.04 


13.40 ± 0.03 


12.74 ± 0.03 


12.00 ± 0.02 


1 1.70 ± 0.04 


1 1.40 ± 0.09 


10.49 ± 0.05 


14 


14.62 ±0.11 


12.50 ±0.06 
















15 


16.11 ±0.22 


12.76 ± 0.07 




14.00 ± 0.03 


12.95 ± 0.03 


1 1.39 ± 0.02 


10.74 ± 0.02 


10.21 ± 0.06 


9.45 ± 0.05 


16 


15.49 ±0.17 


12.79 ± 0.07 
















17 


14.89 ±0.12 


12.87 ± 0.07 


15.32 ± 0.04 


13.84 ± 0.03 


13.18 ± 0.04 


1 1.83 ± 0.04 


1 1.44 ± 0.06 


10.62 ± 0.10 


9.58 ± 0.08 


18 




13.24 ± 0.00 






13.01 ± 0.04 


10.84 ± 0.01 


9.91 ± 0.01 


9.25 ± 0.03 


8.61 ± 0.02 


19 


15.18 ±0.14 


13.27 ±0.09 


15.12 ± 0.06 


13.86 ± 0.08 


13.29 ± 0.07 


12.40 ± 0.08 








20 


15.33 ±0.15 


13.31 ±0.09 
















21 




13.36 ± 0.09 




14.70 ± 0.07 


13.02 ± 0.06 


10.26 ± 0.04 


8.99 ± 0.05 


6.43 ± 0.05 




22 




13.50 ±0.10 






12.94 ± 0.06 


1 1.20 ± 0.04 


9.76 ± 0.02 


8.63 ± 0.02 


7.57 ± 0.02 


23 




13.88 ±0.10 






13.57 ± 0.06 


1 1.89 ± 0.08 


11.18 ± 0.10 


9.79 ± 0.15 




24 


15.95 ± 0.20 


13.93 ±0.12 




14.66 ± 0.04 


14.06 ± 0.06 


13.29 ± 0.07 


12.99 ± 0.13 


12.36 ± 0.29 




25 


16.63 ±0.31 


14.03 ±0.13 
















26 


15.95 ± 0.20 


14.06 ±0.12 


15.80 ± 0.06 


14.76 ± 0.05 


14.24 ± 0.07 


13.91 ± 0.07 


13.64 ±0.11 






27 


16.90 ± 0.33 


14.30 ±0.14 




15.07 ± 0.07 


14.09 ± 0.06 


12.62 ± 0.05 


12.64 ± 0.12 






28 




14.44 ±0.15 








12.82 ± 0.18 


12.45 ± 0.20 






29 




14.48 ± 0.15 








12.19 ± 0.07 


1 1.22 ± 0.07 


9.24 ± 0.19 


8.11 ± 0.32 


30 




14.49 ±0.16 






1 3 46 4- 08 


Q 95 4- 01 


s iS4-fi no 


U.oH- It U.U1 




31 




14.52 ±0.18 








12.13 + 0.03 


11.41 ±0.02 




9.53 ± 0.07 


32 




14.60 ±0.19 








12.69 ±0.14 


11.51 ±0.09 


11.03 ±0.28 




33 




14.65 ± 0.20 














4.96 ± 0.05 


34 


16.32 ±0.25 


15.22 ± 0.22 
















35 




15.59 ±0.24 
















36 




15.62 ±0.25 
















37 




15.70 ± 0.25 








13.40 ±0.10 


12.46 ± 0.07 


12.46 ± 0.37 




38 




15.85 ±0.26 
















39 




16.53 ±0.28 








13.37 ±0.14 


1 1.96 ± 0.06 


11.14 ± 0.15 


10.47 ± 0.24 



IRAS 06084-0611 (PID: 6, PI: Fazio) were processed using 
the standard pipeline version S 14.0.0. The data were down- 
loaded from the arch ive and processed usin g the MOPEX soft- 
ware version 16.2.1 dMakovoz et al. 1 12006b . Spitzer/IRAC pho- 
tometry of IRAS 0608 4-06 1 1 has previously been studied in 
iGutermuth et all (l2009h . 

Using IRAF, photometry was applied with an aperture of 1 .5 
x FWHM (with a FWHM ~ 1.7 pixels for all bands), a sky an- 
nulus of 3.5 x FWHM and an annulus width of 2.5 x FWHM. 
To obtain the magnitudes of the objects, the appropriate aperture 
corrections and zeropoints were adopted from the Spitzer/IRAC 
website. 

Additionally, 2MASS (ISkrutskie et al.ll2006l) data was used 
in which detections of p oor data qu ality were discarded as well 
as SOFI data taken from|B^ d2004l) . which covers a 5' x 5' field 
around IRAS 06084-0611 using narrow -band continuum filters 
in / and K. An advantage of narrow-band filters is that the ob- 
servations are better representatives of the stellar continuum flux 
in the J- and /T-band as they were chosen not to include emis- 
sion lines. The /-band continuum is centered on 1.215 fi, with a 
width of 0.018 fim and the /if-band is centered on 2.09 fim with a 
width of 0.02 fim. For comparison with 2MASS broadband pho- 
tometry and isochrone colors of standard main sequence stars, 
a correction was applied to address the observed differences be- 
tween narrow-band and broad-band filters dBi kl 120041) Finally, 
when a SINFONI source coincides in position within 1.25"with 
a 2MASS, SOFI or IRAC source the detections were matched. 
The matching procedure connected 39 objects with SOFI and 



SINFONI detections, and available 2MASS and IRAC photom- 
etry was added. The object IDs are ordered by SOFI /iT-band 
brightness. The magnitudes of objects located in the SINFONI 
field of view are listed in Table Q] 



3. Cluster surroundings 

In this section we present the Color Magnitude Diagrams 
(CMDs) based on SOFI, 2MASS (Figure© and IRAC (Figure© 
photometry to trace stellar properties like temperature, spectral 
type, reddening and accordingly, the evolutionary stage. 

3. 1 . SOFI and 2MASS colors 

The SOFI /- and K-band photometry^ for all stars with 
SINFONI spectra is presented in a {J-K, K) CMD on Figure 
l3al The magnitud es and colors of main sequence dwarf stars 
(Blum et alJ 12000b iBessell & Brett] Il988h are plotted with an 
adopted distance of 830 + 50 pc. It is readily visible that for 
most objects the J-K colors are redder than main-sequence J- 
K colors. Assuming that this is caused by extinction, the average 
reddening is Ay~ 10-20. J-K will increase for both disk emission 



1 Note that only the SOFI objects with both /- and A'-band detections 
are shown since they could be converted to broad-band magnitudes and 
for this procedure (J- K) is required. This has been done to be able to 
compare the results with the intrinsic colors of ZAMS stars. 
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Right Ascension 



Figure 5: Plotted on top of the IRAC 4.5 ym band image of IRAS 06084-061 1: the positions of evolutionary class dLadall 19871) 0/1 
(red asterisks) and class II (blue squares) objects and an extinction map based on combination of 2MASS and SOFI photometry. 
The contours are in levels of Ay. Note that the class II objects are spread out over a larger region compared to the younger class 0/1 
objects. (Epoch: J2000). 



and extinction, so disentangling these effects is still a problem, 
even when the intrinsic stellar color (i.e. spectral type) is known. 

The 2MASS J-K, H-K color-color diagram for all stars with 
SINFONI spectra is shown in Figure [3b] The average extinction 
is again Ay ~ 10-20. From this diagram we can attempt to dis- 
cern extinction from IR excess. Most objects are aligned close 
to the dashed extinction line which shows that the bulk of the 
emission in the J-, H- and /f-band originate from their stellar 
photospheres. Additionally, the fact that we see absorption lines 
in their H- and K-bwA spectra also suggests that the disk contri- 
bution is low (See section[4]i. All but objects 17 and 19 do have 
significant IR excess in their IRAC bands indicating that there 
is no clear evidence of disk emission until A>2.5 /im for these 
objects. 

3.2. Extinction map 

A large extinction map of the cluster surroundings as shown 
in Figure has been constructed by a combination of 2MASS 
and SOFI photometry. This map shows the extinction in visual 
magnitudes and has a r esolution of 1.5'. The extin ction mapping 
method is explained in lLombardi & Alvesl(l200ll) . 

There are two extinction blobs in the region, one is centered 
on the cluster region covered by SINFONI, the other extinction 
blob falls ~ 4' north east of that. We can see that star formation 
in the northern blob (if any) is not as evolved as in the southern 
blob. Most of the class 0/1 sources seem to be concentrated in the 
southern extinction blob where also the extinction is relatively 
high. The young high mass stars are also found in this region. 
The class II objects are spread out over a larger region. This 



result is in agreement with the IRAC study of iGutermuth et all 
d2009l) . An average extinction of A v ~12 mag in the SINFONI 
field as derived from the extinction map seems to be consis- 
tent with the average extinction found in the previous section 
(Figures [3a] and [3bl . 



3.3. Spitzer colors 

Figure [4] presents the color-color diagrams of the IRAC detec- 
tions in the SINFONI-field. Note that not all objects detected 
in the J-, H- and K-b&nd are detected in all IRAC bands and 
vice versa. The colors of photospheres are located near (0,0). 
Figure l4al shows the (3.6 - 4.5, 4.5 - 5.8) fim color-color dia- 
gram from which we can derive a lower limit of 20 stars (about 
half of the objects detected by SINFONI) having emission at 
these wavelengths which cannot be ascribed to reddened pho- 
tospheres. This suggests that these stars have non-photospheric 
IR-emission caused by CSM. The other half of the cluster ob- 
jects lack one or more detections in the first three IRAC ba nds. 
Using all fou r IRAC bands, theoretical dAllen et al 112004b and 
observational (iMegeafh et al.ll2004l: IGutermuth et al.l2009l) stud- 
ies found that the IRAC colors of PMS stars trace their evo- 



lutionary stage. W e apply thes e color criteria to determine the 
evolutionary class dLadalll987h of the objects with detections in 
all IRAC bands. The results for objects in the SINFONI field 
are shown in the (3.6 - 4.5, 5.8 - 8.0) yum color-color diagram 
in Figure [4b] Many objects have an IR excess: seven objects 
are marked as class 0/1 and five objects as class II objects. 
Furthermore we studied the spatial distribution of the class 0/1 
and class II sources over a larger region, as shown in Figure |5] 
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The class 0/1 objects and the younger objects in the SINFONI 
field (the H n region, the massive YSO and the Herbig Be star) 
are more centrally located as compared to the more evolved class 
II objects. 

The presence of objects too embedded for SINFONI might 
be revealed at longer wavelengths by IRAC detections with 
matching positions in two or more bands. This seems to be the 
case for 8 objects in the SINFONI field. An interesting result is 
the detection of the H n region VLA 1 (see Figure [TJ at 3.6, 
4.5, 5.8 and 8.0 micron with fluxes of respectively 29.1 + 1.2 
mJy, 61.1+3.0 mJy, 0.51+0.043 Jy and 1.01+0.09 Jy. We note 
that the detection of the 5.8 pm band has an offset of ~3-4 " 
to the southwest compared to the central location of the VLA 
1 position. However, all fluxes are consistent with the SED 
of VLA 1 dPersi&Tapial 120031 The IRAC colors of VLA 1 
in Figure l4bl are consis tent with typical UCH II colors (e.g. 
Ide La Fuenteet alJl2009l) . The H ii region seems extended in the 
IRAC bands making it difficult to determine the central pixel. 
Furthermore, on the edges of the dark filament (in the south east 
region, see Figure Q3 we observe five locations with detections 
in all IRAC bands, suggesting that even more deeply embedded 
young objects are hidden in this featureless region. 

The conclusions we draw from the inventory of the pho- 
tometric data is that for a large fraction of objects (a) highly 
reddened J-, H- and /f-magnitudes (~10-20 Ay) are observed 
and (b) IR excess is present in the IRAC bands. Remarkable are 
the objects (3, 9, 13 and 17) in Figure [3bl showing reddened J, 
H and K photospheric colors while they have IR excess in the 
IRAC bands. This suggests that emission from the CSM sets in 
at longer wavele ngths than we usually observe for intermediate 
mass PMS stars (lAcke & van den Anckeril2004l) . 



4. SINFONI near-infrared spectroscopy 

We use SINFONI H- and K-band spectra to classify the stars 
by comparing absorption and emission li nes (intensity or line 
stre ngth ratios) w i th refe rence spectra of iRavner et al.l (t2009l) 
and lCushing et al.l d2005l) . This provides a powerful tool for ex- 
amining a variety of stellar properties such as spectral type, mass 
and the presence of CSM. A summary of the stellar properties of 
all objects detected by SINFONI is presented in Table [2] In the 
next sections we study the spectroscopic diagnostics for early- 
and late-type stars. 



4.1. Early-type stars 

There are three early-type objects in the field: a B0.5 star em- 
bedded in an H n region (VLA 1, iGomez et al.ll2002h with an 
IR counterpart detected in the IRAC bands, a deeply embedded 
early-B type (object 1) and a Herbig Be star identified in this pa- 
per as object 2. Their basic properties are shown in Table |2] We 
proceed with a discussion of the properties of object 1 and 2. 

Object 1 is a bright and highly reddened massive YSO with 
IR excess in the IRAC bands (see the SED in the left panel of 
Figure Figure Q shows the SINFONI spectra in the H- and 
ZT-band. The //-band spectrum shows a photospheric absorption 
pattern in the Brackett series. The presence of these lines ar e 
typical for B-type stars dBlum et al.l 1 19971: lHanson et aTlll998l) . 
However, the Brackett absorption lines are unexpected: the Br- 
15 is not visible at all and Br-14 is wider and deeper than Br-13. 



Object: § 2 




10 



X (micron) 



Figure 6: The spectral energy distribution of object 1 (left panel) 
and 2 (right panel). The Kurucz model for a B0 star is shown for 
object 1. The de-reddened slope of the (photospheric) SINFONI 
spectra provides an additional consistency check for the classifi- 
cation method and the derived extinction. The SOFI, 2MASS 
and IRAC detections are marked with triangles, squares and 
crosses respectively. 



This suggests that these lines are contaminated by other emis- 
sion or absorption features, though their origin is as yet un- 
clear. Furthermore we report weak He i (1.70 pm) in emission. 
Remarkable in the //-band spectra are two absorption lines at 
1 .490 an d 1.505 ami. These lines can be identified as Mg i ab- 
sorption ( IRavner et al.l 12009): however, note that neutral mag- 
nesium is not expected to originate from the photosphere of a 
massive star since the stellar temperature is too high. A strong 
telluric emission line is present at 1.506 pm, but at 1.490 /mi 
the telluric contamination is minimal. The identification and ori- 
gin of these absorption lines demand further exploration and a 
study of follow-up VLT/X-Shooter observations is planned. In 
the Zf-band, weak and narrow Br-y emission (2.166 pm) is visi- 
ble. Br-y emission could be produced by e.g. a disk wind caused 
by the interaction be tween the UV p hotons and the ionized up- 
per layer of the disk (|E>ik et"aDl2006l) . magnetos pheric accretion 
(Ivan den Anckeill2005l) or inner disk accretion dMuzerolle et al.l 



2 SINFONI spectra are available in electronic form upon request: 
kmaaskan@science.uva.nl 



120041) . Furthermore, the emission could be of nebular origin, as 
suggested by the relative small line width, though the quality of 
our data is insufficient to quantify these scenarios further and a 
comprehensive understanding has yet to emerge. 

We estimate a s pectral type using the classification scheme 
from [Hanson et al | (119961 119981) for the K- and //-band spectra, 
respectively. An EW of ~2 A is measured for the Br-1 1 absorp- 
tion line (1.6814 pm). Comparing this to the line strength as a 
function of spectral type, object 1 is consistent with a spectral 
type of B0 (+ 2). The 1.700 He i pm line is visible in emis- 
sion, therefore we cannot use that line for further classification. 
Note that veiling, most likely present, would result in assign- 
ing a later spectral type. No other absorption or emission line 
features could be used for spectral classification. We derive an 
extinction of Ay=21.0 mag using the 2MASS J-H color which 
is relatively independent of spectral type in the Rayleigh- Jeans 
domain for spectral types earlier than F. Another estimate of the 
spectral type can be derived by assuming that this object is a 
ZAMS cluster member located at a distance of 830 ± 50 pc; 
we find an absolute magnitude Mr of -2.44 mag, typical for an 
early-B ZAMS star (iBlum et al.ll2000l) . 

Object 2 shows prominent hydrogen Brackett and Pfund 
lines and the helium line at 2.0581 pm in emission (Figure |7J. 
The flux in the H- and Zf-band is dominated by CSM which is 
irradiated by the central object and hence produces the abundant 
emission lines. We identify Fe n (1.688 pm) and [Fe n] (1.664 
pm) emission lines. Strong PAH features at 8.6, 11.2 and 12.7 
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Figure 7: Normalized SINFONI H- and /T-band spectra of the two brightest stars detected in IRAS 06084-0611. The spectrum of 
object 1 is characterized by absorption lines of the hydrogen Brackett series. The spectrum of object 2 shows numerous hydrogen 
lines in emission of which Bry (2. 166 /im) is the most prominent. The spectra of the other objects in the field are shown in Figure|8] 
and0 



fjm are present dPersi & Tapiall20()3l iBoersma et al.ll2009l) . The 
peculiar shape of the SED at IRAC wavelengths (see the right 
panel on Figure [6} might be explained by such strong dust fea- 
tures. Object 2 has a radio counterpart (VLA 4) which shows 
time v ariability and has a negative spectral index. iPersi & Tapial 
J200l studied the IR energy distribution (assuming a distance 
of 1 kpc) and obtained a luminosity consistent with the presence 
of a very young star somewhat later than B3. However, the He 1 
1.70 /mi recombin ation emission line su ggests a spectral type 
earlier than B2.5V (IClark & Steelell2000l) . 

4.2. Late-type stars 

For the spectral classification of low-mass stars, the SINFONI 
spectra were visu ally compared with refe rence spectra from th e 
spectral library of lRavner etaLl(l2009b and lCushing et al.l(l2005l) . 
In this way, the spectral types of 14 stars were determined in a 
range from early G to mid-K with generally an uncertainty of 
~l-2 in subclass. Spectra dominated by CSM or too low S/N 
could not be classified. Figures [8] and [9] show the SINFONI H- 
and Zf-band spectra for all the objects in the field. Table |2]shows 
the results of the spectral classification for these objects. 

The temperature of the classified obj ects is derived using 
the spe ctral type to temperat ure relation of Kenvon & Hartmannl 
(Il995h . It has been found bv lCohen&Kuhil i ll 9791) that the tem- 
perature of PMS stars might be overestimated and translate to 
non-systematic errors, resulting in an error of about 500 K for 
G stars and about 200 K for late K-type stars. This uncertainty 
introduces the dominant source of error. 

Important absorption lines for the temperature determination 
of low-mass stars are neutral metal absorption features. Mg 1 
(1.50, 1.53 and 1.71 //m) shows a gradual variation as a func- 
tion of spectral type: these lines are strongest in K and early 
M dwarfs. The Ca 1 (2.26 /urn) triplet absorption line is present 
in early M, K and G stars and weakens in the late-M spectral 
types. The Na 1 doublet (2.20 //m) becomes visible in early G 



stars and is strongest in mid- to late-type M dwarfs. CO over- 
tone bands in the /f-band (~2.29 - 2.5 //m) are strongest in su- 
pergiants and become progressively weaker with decreasing lu- 
minosity. Therefore, they provide good surface gravity indica- 
tors since PMS stars have lower surface gravities while evolv- 
ing to the main sequence. CO overtone bands can also be ob- 
served in emission. In that case they are most likely originating 
from a circumstellar disk in combination with a stellar wind (e.g . 
IChandler et all 1 9951: lBik~& Thil2004tlWheelwright et al.l201Qb . 
This is observed in the YSO object 22 (Figure|9]l. 

Visual extinctions have been derived by comparison of SOFI 
and 2MASS colo rs to the intrinsic giant and d warf colors of 
iKoornneel (1 19831) and using the extinction law of ICardelli et al.l 
(119891) to be able to express the extinction in Ay. For spectra 
with luminosity class IV, the extinction ha s been derived fro m 
the average of the giant and dwarf colors of iKoornneefl (1 1 983b . 

A representative Kurucz model and de-reddened SINFONI 
spectra have been over-plotted for objects with known spectral 
type (e.g. for object 1 in Figure|6]l. The slope of the de-reddened 
SINFONI spectrum provides an additional consistency check for 
the classification method: the spectral type is consistent with 
the derived extinction if the de-reddened photospheric SINFONI 
spectrum fits the Kurucz model and the de-reddened photometry. 
Most de-reddened objects show a good fit which implies that the 
extinction has been correctly estimated. 



4.3. Cluster membership 

To confirm the cluster membership of the objects, we looked for 
the following characteristics: (a) highly reddened photometry; 
(b) IR-excess in the IRAC bands; (c) evidence of jets/oufiows by 
H2 and [Fe 11] emission associated with the object and (d) the 
presence of a radio (VLA) counterpart. In this way we identified 
28 objects as cluster members. We could not confirm the cluster 
membership of 10 objects. Object 14 is excluded as a cluster 
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Figure 8: Normalized SINFONI //-band (left) and Zf-band (right) spectra of the first 21 objects. For most of these objects we were 
able to derive the spectral type (Table The location of some of the absorption lines used for the classification of the stars are 
shown by the vertical dashed lines. The combination of Mg i , Na i and Ca i absorption lines proved to be the best temperature 
tracers. The width of the CO lines in the ZT-band gives an indication of the luminosity class. 



member, since the spectral type is too late for its brightness. It is 
therefore marked as a foreground star. 

4.4. Jets and outflows 

We use the green Fb and blue [Fe n] line maps (Figure l2bl to 
search for emission blobs in the field that trace star formation 
activity. IT emission can be related to outflows since thermal 
IT emission in the near-IR can originate from shocked neutral 
gas being heated up to a few 1000 K. Alternatively, non-thermal 
emission can be caused by fluorescence of non-ionizing UV 
photons. These mechanisms can be distinguished as they popu- 
late different energy l evels and thus prod uce different line ratios 
(see lBik et all d2010h : IWang et alJ d201ll) for discussions of these 
mechanisms for RCW 34 and the S255 complex). For the three 
northern H 2 emission blobs in IRAS 06084-0611, the outflow 
nature has been confirmed making use of hydrogen emission 
line ratios dPuga et al.ll2008l) . The morphology of the emitting 
regions (compact blobs) would suggest an outflow nature, the 



fluorescence emission is usually diffuse and extended. Another 
tracer of active star formation is [Fe n] emission, often observed 
in star forming regions associated with shocked gas from jets 
and outflows or photon dominated regions. 

H2 and a few [Fe 11] emission regions are spread out over the 
cluster (Figure l2bl. IT emission blobs are found near object 3, 
4 and 30 and might they trace outflows from these objects. For 
the other half we find emission regions lacking central objects; 
they could be too deeply embedded or are Photon Dominated 
Regions (PDRs) excited by the UV radiation from these objects. 

Our observations identify object 30 as the IR counterpart of 
the thermal non-variable radio source VLA 7, the suggested cen- 
tral object powering the massive CO outflow. Recall that VLA 7 
is the suggested central object powering the massive CO outflow 
that extends ~ 6' from SE to NW (sectionQ). The SINFONI K- 
band spectrum of this object shows strong IT emission lines (see 
Figure |9j and the IRAC detection in the first three bands shows 
highly reddened colors, suggesting the presence of a protostar. 
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Figure 9: Normalized SINFONI //-band (left) and Zf-band (right) spectra of the remaining objects. The spectra with very bad S/N 
are not shown. 



5. Stellar population: content and age 

In this section we discuss the global properties of the stellar con- 
tent in more detail. We present the Hertzsprung-Russell (HR) 
diagram and compare the observed parameters with PMS evolu- 
tionary tracks. 

The HR diagram of IRAS 06084-061 1 is shown in Figure[Hjl 
Over-plotted are the ZAMS-isochrone from lBlum et ali (12000). 
isochrones (upper panel) between 0.1 and 10 Myr and PMS evo- 
lutionary tracks (lower panel) f rom 1 up to 5 M . The latter 
isochron es have been taken from lDa Rio et al ] (120091) calculated 
from fhe lSiess et al.l(l2000l) evolutionary models. An estimate of 
the average age of the cluster provides more insight into the clus- 
ter history. Furthermore, comparison of the positions in the HR 
diagram to the evolutionary tracks provides information on the 
mass of the classified stars. 

For the d erivation of the absolute magnitude, a distance of 
830 + 50 pc dHerbst & Racine! 1 19761) was adopted and the ob- 
jects have been corrected for foreground extinction. For all ob- 
jects, the uncertainty of the absolute magnitude has been derived 
taking into account four effects: the first and second are the pho- 
tometric and distance uncertainty. The third is a consequence of 



the uncertainty in extinction which is a reflection of the uncer- 
tainty of the spectral type and the variation of reddening between 
the different photometric colors (see Table |2)- The fourth is the 
uncertainty in distance of the cluster. For all objects, the first 
three sources of uncertainty are typically a few percent while 
the latter translates to a dominant source of uncertainty of +0.13 
mag. 

The assumption that all the objects have the same distance 
might be incorrect if the cluster is extended along the line of 
sight (i.e. if the group of younger class 0/1 objects and the group 
of class II sources have different distances). In this study we as- 
sume the stars to be equidistant. 

We find that most objects lie on the evolutionary tracks 
of ~1.5-2.5 M stars (Figure [10b) and thus the majority are 
intermediate-mass PMS stars. The age of the stars ranges be- 
tween 1 and 10 Myrs (Figure [TOaT i and we find a median age of 
~4 Myr. This result can be considered as an upper limit of the 
cluster age since no ZAMS intermediate-mass stars have been 
detected. However, the spread in age is large and suggests that 
the stars might not all originate from the same cluster or have a 
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Table 2: properties of objects located in the SINFONI field of view 
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n : Based on spectral comparison with reference spectra from J^r^ier^^u\ (2009). 

. IR excess based on 2MASS, SOFI and IRAC photometry compared to Kurucz models ^Qrruc^L993J and IRAC color criteria as described in section l3~3l 
c : Evolutionary class (I^da^^8^) derived from the IRAC colors as defined by Megeath et al. (2004). 
d : Temperature from JCenyon & Hartmann (^95J, averaged between the spectral type range. 
e : Ay derived using intrinsic colors of Koornneef (1983). 

f : Result of fitting with Kurucz ^Otrucz^93) model. A distance of 830 ± 50 pc is assumed (Herbst & Racine 1976). 

1 : Based on radio continuum flux^omez^Ur^ (2002) estimate the ionizing object to be of spectral type B0. 5. 

1 ' : Based on the infrared luminosity Persi & Tapia (2003) estimate the presence of a very young star somewhat later than B3. 



complex formation history. We will discuss this scenario further 
in the discussion section. 

We note that the number of objects with known spectral type 
is less than half of the objects observed in the SOFI y^-band. This 
implies that there is a selection effect which excludes objects that 
do not show photospheric absorption lines in the H- and K-bwd. 
This is the case for objects 4, 11, 12, 18 and 20 and objects with 
low signal to noise ratio spectra. Since the detection of circum- 
stellar emission is an indication that an object is a young PMS 
star, this would lower the average cluster age. The fainter ob- 
jects might include young objects still deeply embedded in the 
parental cloud, which obviously lowers the cluster age estimate 
as well. So while the group of stars shown in the HR diagram 
is ~4 Myrs old, the group of stars which could not be classi- 
fied might be (much) younger. We can relate this result with our 
findings from the IRAC colors (section l37Jt which show that the 
class II objects are spread out over a larger region as compared 
with the class 0/1 objects. All the class II objects are identified in 
the HR diagram. Six out of seven class 0/1 objects could not be 
classified. It seems plausible that the age derived from the HR 
diagram is primarily dominated by the class II objects. 



6. Discussion 

We start with a review of the observed stellar properties of the 
cluster. We can distinguish two groups based on their age and 
position. 

The first group of objects include the massive stars (object 
1, 2 and the H n region) and the class 0/1 objects. CSM around 
object 1 and 2 and the presence of the H n region suggest that 
these objects belong to a very young population of stars less 
than a million years old. Since the massive objects are found 
in the center of the class 0/1 objects (as demonstrated by their 
spatial distribution on the IRAC field in Figure |5), this suggest 
that most class 0/1 objects might be associated with this younger 
population. For several of the class 0/1 objects we have SINFONI 
spectra (object 4, 18, 22, 29). Their spectra do not show photo- 
spheric absorption lines. They have significant excess in the H-, 
K- and IRAC-bands but lack detections in the /-band, suggest- 
ing that these objects are strongly reddened and surrounded by 
CSM. Furthermore we observe several H2 blobs lacking central 
objects in our SINFONI data, indicating early star formation ac- 
tivities deeply embedded in the cluster. 
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Figure 10: HR diagram of objects classified by their SINFONI 
spectra. Top: the extinction corrected Mk vs. log(T) HR dia- 
gram. The /if-band magnitude has been corrected for a distance 
of 830 ± 50 p c. Over plot t ed wit h a dashed line is the ZAMS 
isochrone from lBlum et al.l (|2000[) and th e dotted lines represent 
the isochrones from Da Rio et al.l (l2009b between 1 and 10 Myr 
calculated from the lSiess et al.l ( 2000h evolutionary models. The 
bottom panel shows the same diagram with overplotted the pre- 
main-seq uence evolutionary tr acks for 3, 2.5, 2, 1.5 and 1 M 
stars from lDa Rio et al.l (120091) . 



The second group consists of a population of class II objects 
which appear more diffused outward in the IRAC field (Figure|5) 
and have typical ages of a few Myrs. The class II objects in the 
SINFONI field can be associated with the spectroscopically clas- 
sified stars as most of them (with detections in all IRAC bands) 
are class II objects (see Table [2}. We classified 13 intermediate- 
mass PMS stars, and found that they are typically of G-K spec- 



tral type with luminosity class IV and will evolve to stars with 
late B, A or early F spectral type. With an extinction of ~10- 
20 Ay mag, they show IR excess in the IRAC bands starting at 
wavelengths >2 fim. These objects are placed in an HR diagram 
(FigurelTOt. and comparison with evolutionary tracks shows that 
they represent a group of stars with a median age of ~4 Myr. 
Note that no massive stars are observed in this group. 

We will now attempt to reconstruct the star formation history 
of this region and examine how they are related in age and lo- 
cation. IRAS 06084-061 1 is a cluster spanning a wider range of 
age than is typical of stars formed in any individual star-forming 
region. The presence of young massive objects (group 1) sug- 
gests that a part of the cluster is significantly younger than the 
stars belonging to the ~4 Myr population (group 2). Though we 
cannot prove a possible physical relation from our dataset, it is 
reasonable to suggest that despite the range in age, the star for- 
mation history of group 1 and 2 in the cluster might be closely 
related. However, what we really observe is sequential star for- 
mation: the most massive stars of group 1 have formed sequen- 
tial to the initial cluster of intermediate mass PMS stars (group 
2). 

There is very strong differential extinction in the SINFONI 
field, particularly towards the southeast. The extended H2 emis- 
sion in the lower half of the SINFONI field (Figure l2bt could be 
originating from a lower density PDR where the filament is less 
dense. This might also explain why object 4, 11, 12, 21 and 23 
are not detected in the /-band. On a larger scale, the IRAC color 
image in Figure Q] and the extinction map in Figure show dark 
filamentary structures indicating large extinction. On the borders 
of the dark filament in the SINFONI field we find 5 objects as 
well as the H 11 region (VLA1) only detected in the IRAC bands. 
This population, deeply embedded in optically thick molecular 
clouds, is illustrative for the youth of this cluster region. 

The SINFONI field is too small to observe gradients in 
the distribution of massive stars and class 0/1 objects and the 
intermediate-mass PMS stars (See Figure |2a}. However, in the 
IRAC field (Figure [5), the spatial distribution of class 0/1 and 
class II objects shows that the class 0/1 objects are concentrated 
at shorter distances around the massive objects (object 1, 2 and 
the H n region) as compared to the class II objects. This sug- 
gests that the intermediate mass cluster (group 2) could have lost 
enough natal cloud mass in the first million years since formation 
that the stars are no longer gravitationally bound. They are in the 
process of diffusing outward and hence appear more spread out 
compared to the younger class 0/1 objects. Taking into account 
that the SINFONI observations show many infant star formation 
features like outflows and strong reddened colors, and that class 
0/1 objects are younger than class II objects, it seems that the cen- 
ter of IRAS 06084-061 1 contains a relatively higher fraction of 
young objects than its surroundings. A possible scenario for this 
observation would be sequential star formation along the line of 
sight; in front or behind the initial cluster from our perspective. 

The observation that the most massive stars are con- 
centrated towards the center of the cluster is observed in 
many more young cl usters dHillenbrand & Hartmannl Il998l 
iGouliermis et al.ll2004l) . Mass segregation to the center of the 
cluster could be primordial or dynamical: the most massive stars 
can be concentrated at or near the center or mi grate into the 
center of the cluster due to two-body interactions. Allison et al.l 
(120091) describe an ensemble of simulations of cool, clumpy 
(fractal) clusters and they show that during the early life of such 
a cluster often mass segregation takes place on timescales far 
shorter than expected from simple models. The results of these 
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N-body simulations look quite similar to the current situation in 
IRAS 06084-0611. 

Our findings show an interesting s imilarity to those found 
in the S255 complex dBik et al] 12010: IWang et al.l[20TTh . Also 
in this regions, a group of intermediate mass stars (up to a few 
Myrs) seems to have formed after star formation in a smaller 
region containing younger, more massive stars. As for IRAS 
06084-061 1, sequential star formation might be at work too. 

7. Conclusions 

The results of our study can be summarized as follows: 

1 . We detect two high mass stars in our SINFONI data: a mas- 
sive YSO consistent with an early-B spectral type and a 
Herbig Be star. Moreover we detected the IR counterpart of 
the H n region VLA1 in the IRAC bands. 

2. The spectral types of 13 objects are determined in the star 
forming region IRAS 06084-0611 using SINFONI H- and 
/iT-band spectra. Most objects for which a spectral type could 
be obtained are PMS intermediate-mass stars of G - K spec- 
tral type. 

3. Using 2MASS, SOFI and IRAC photometry we find that the 
extinction shows a large variation over the SINFONI field 
ranging between Ay ~ 10-20 mag. 

4. We derive a median cluster age of ~4 Myr. This seems to 
be in contradiction with the presence of embedded class 0/1 
objects and two massive objects (a massive YSO and an H n 
region) with ages of ~ 1 Myr. 

5. The younger class 0/1 objects and the massive objects are 
located in a smaller region as compared to the class II ob- 
jects, with rough scale size radii of ~0.5 pc and ~ 1 .25 pc 
respectively. A possible scenario for this observation would 
be sequential star formation along the line of sight: from the 
initial formation of a cluster of intermediate-mass stars to the 
formation of more massive stars. 
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